Introduction
Arginine vasopressin (AVP) is a major neuropeptide in the suprachiasmatic nucleus (SCN), location of the circadian pacemaker. Most SCN cells exhibit circadian rhythms in clock gene expression and electrical activity (Welsh et al., 1995; Yamaguchi et al., 2003) . The cellular circadian rhythms are rather variable but integrated by oscillatory couplings to build up a coherent circadian rhythm on tissue level (Inagaki et al., 2007) . AVP neurons are distributed in the shell region, while neurons containing vasoactive intestinal peptide (VIP), another major neuropeptide in the SCN, distribute in the core region (Moore et al., 2002) . AVP and VIP exhibit robust circadian rhythms in production, storage, and secretion (Shinohara et al., 1993; Ban et al., 1997; Francl et al., 2010; Kalsbeek et al., 2010) . However, we have observed that the circadian rhythms become desynchronized in SCN slice culture (Shinohara et al., 1995) , indicating that AVP and VIP neurons have independent circadian oscillators. There might be two classes of coupling: one synchronized among the AVP or VIP neurons and the other between the AVP and VIP circadian rhythms. Recently, the importance of AVP in intra-SCN oscillatory coupling has been recognized (Mieda et al., 2015) . Mice genetically deficient in AVP receptors re-entrained immediately to a phase-shift of the light-dark (LD) cycle (Yamaguchi et al., 2013) .
AVP-positive SCN neurons extend their axons to structures outside the SCN (Rood & De Vries, 2011) . AVP was found in the cerebrospinal fluid and thought to originate from the SCN (Schwartz & Reppert, 1985) . This AVP could be a mediator of SCN circadian signals to the extra-SCN areas. AVP-containing cells are also localized in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) (Rood & De Vries, 2011) . AVP in these nuclei are produced in the cell body and transported to the posterior pituitary, where AVP is stored and released into the general circulation in response to various stimuli (Iovino et al., 2012) . Circadian dynamics of AVP in the SCN and other nuclei are not well documented. And there are inconsistencies regarding circadian phase in the literature (Noto et al., 1983; Yamase et al., 1991) . One of the reasons for these ambiguities is the lack of analytical tools for monitoring the dynamics of AVP production and secretion with high temporal and spatial resolution. Recent advances in gene engineering and photonic bioimaging techniques have made it possible to monitor transcription of a gene of interest using a specific bioluminescent reporter (Millar et al., 1992) . Ueta et al., (2005) reported AVP gene expression in transgenic rats producing an AVP-eGFP fusion protein. However, it was difficult to monitor the eGFP fluorescence continuously over several days, an operation that is mandatory for biological rhythm studies.
Here we report a newly generated knock-in mouse carrying a luciferase reporter of AVP expression that allows monitoring AVP transcription in cultured brain slices containing the SCN, PVN or SON. A novel technology revealed robust circadian rhythms in AVP expression for many cycles.
Materials and methods
Animal experiments were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of Hokkaido University and Niigata University.
The present experiments were approved by the Animal Research Committee of Hokkaido University and Niigata University (permission numbers 130064 for Hokkaido University and 178-8 for Niigata University).
Generation of AVP ELuc knock-in mouse
To generate the AVP ELuc knock-in mouse, we designed a targeting vector in which the Emerald-luciferase gene (Nakajima et al., 2010) (TOYOBO, Osaka, Japan) along with PEST, SV40, and polyA sequences (ELuc) were inserted into the translational initiation site of the mouse AVP gene in frame (Fig. 1A) . The half-life of Eluc::PEST is 2.8 h (Yasunaga et al., 2015) . The knock-in vector was constructed with 11.67 kb C57BL/6 genomic fragment (5.3 kb upstream and 6.37 kb downstream from the translational initiation site), a neomycin resistance cassette, and a diphtheria toxin gene using BAC subcloning kit (Gene Bridges, Dresden, Germany). The linearized targeting vector was electroporated into the C57BL/6N embryonic stem cell line RENKA (Mishina & Sakimura, 2007) . Correctly targeted clones were identified by Southern blotting using 5′, 3′, and neo probes (Fig. 1B) . Chimeric mice were obtained as described previously (Fukaya et al., 2006) .
Genotypes were determined by PCR of mouse tail genomic DNA using the following primers: forward 5′-TCCTAGGGAACACCTGCAGACAT-3′, reverse for wild type (WT) 5′-CAGTATCCTTTATGCGGCTTCTCTAGCACC-3′, and for knock-in line 5′-AGATGTTCCTGTGGGTCTGC-3′. The PCR product sizes of the WT and knock-in mice were 410 bp and 712 bp, respectively (Fig. 1C) . Heterozygous mice (AVP ELuc/+ ) were used for further analysis.
Plasma AVP level was determined in AVP ELuc/+ and C57BL/6 mice in the middle of the light phase and there was no significant difference between them (AVP ELuc/+ ;
114.8 ± 28.7 pg/ml, n = 5; C57BL/6J, 127.1 ± 30.2 pg/ml, n = 5).
Wild type and AVP ELuc knock-in mice were bred and raised in the animal facility at Hokkaido University under LD cycles with lights on at 06:00 h and off at 18:00 h.
Light intensity during the light phase was approximately 100 lux. Room temperature was 22 ± 2°C and humidity was 60 ± 10%. The mice were fed commercial chow and tap water ad libitum. Experiments were performed under LD cycles unless otherwise specified. WT and AVP ELuc/+ male mice were used in vivo experiments, and both sexes were used in ex vivo experiments.
Measurements of body weight, water, and food intake
AVP ELuc/+ and littermate WT mice were used for the experiments. Because homozygotes did not survive more than 7 days, we used heterozygotes. Body weight of AVP ELuc/+ (n = 12) and littermate WT (n = 13) was measured weekly from ages 1 to 10 weeks. Water and food intake were also measured together with body weight in AVP ELuc/+ (n = 4) and WT (n = 5) mice from ages 6 to 12 weeks.
Measurement of spontaneous locomotor activity and data analyses
AVP ELuc/+ (n = 10) and their littermate WT (n = 5) mice of 4 months old were transferred into individual cages in light-tight boxes where light intensity was approximately 300 lux in the light phase. Spontaneous locomotor activity was measured by a thermal sensor as described elsewhere (Nishide et al., 2006) . Mice were kept in LD for 22 days and released into constant dark (DD). A single light pulse of 30 min (300 lux) was given at circadian time (CT) 14 on day 19 and at CT22 on day 40 in DD,
where the onset of an activity band in the behavior rhythm (activity onset) was designated as CT12. Activity was recorded every min with a PC system (Stanford Chronokit, Stanford Software Systems, CA, USA) and analyzed with Clock Lab (Actimetrics, IL, USA). The free-running period was determined from an eye-fitted line, which was drawn through the onsets of the activity band in steady state free-run before application of the first light pulse. Magnitude of phase shifts by a light pulse was defined as a phase difference on the next day of a pulse between the activity onset of a pre-pulse free-running rhythm and the extrapolated regression line fitted to the activity onset in a post-pulse steady state free-run (steady-state phase shifts).
In situ hybridization
AVP ELuc/+ (n=10) and littermate WT (n=10) mice were used for in situ hybridization. Brain samples were collected at Zeitgeber Time (ZT) 6 and 18, where the light onset of LD was designated as ZT 0. Coronal brain slices of 20 μm thick were subjected to the hybridization according to the protocol described previously (Baba et al, 2008) . Antisense oligonucleotide complimentary to mouse AVP-Neurophysin II (457~504) (5'-GTAGACCCGGGGCTTGGCAGAATCCACGGACTCCCGTGTCCC AGCCAG-3') was labeled with 33 P dATP using terminal deoxyribonucleotidyl transferase (Gibco BRL). The brain slices were air dried and exposed to BioMax MR films (Eastman Kodak) for 2 days (from day 5 to day 7 after hybridization) with the 14 C acrylic standard (American Radiolabeled Chemicals). Autoradiography was analyzed with the image analysis system (MCID Core, MCID Image Analysis Software Solutions for Life Sciences), and the optical density was converted to the relative radioactive value (kBq ∕ g) with the 14 C acrylic standard. The amount of mRNA per unit area in each mouse was expressed as the mean of three consecutive slices in the calibrated OD (kBq / g).
Immunohistochemistry
The distribution To confirm the AVP containing cells in bioluminescence spots of the cultured SCN slice, the slices were fixed with PFA after bioluminescence recording and subjected to immunohistochemical staining as mentioned above, except mounting on glass slide, which was done after free-floating staining.
Time-lapse Calcium Imaging
Circadian rhythms in intracellular calcium (Ca 2+ ) level were measured in the cultured SCN on pixel level using time-lapse calcium imaging (Enoki et al., 2012) . For a tissue level analysis, four coronal slices of 300 µm thick were prepared from adult mice (n=10) with a microslicer (Dosaka EM, Kyoto, Japan) as described previously (Yoshikawa et al., 2013) . The bilateral SCN, PVN, and unilateral SON were dissected from each slice and cultured separately on a membrane (Millicell-CM, Millipore) in DMEM containing 0.1 mM D-luciferin potassium salt and 5% culture supplements, the composition of which is described in Yoshikawa et al., (2013) . Bioluminescence was recorded for 1 min every 10 min with a photomultiplier tube (PMT) (Lumicycle, Actimetrics; Kronos, Atto, Tokyo, Japan). Raw data of bioluminescence from day 2 to day 7 in culture was used for evaluation of circadian rhythmicity by Chi-square periodgram (Clock Lab) in the range from 18 to 36 h with a significance level of p < 0.01. For determination of the peak phase and amplitude on the tissue level analysis, detrended and smoothed data were used. Bioluminescent data were detrended by a 24-h moving average subtraction method and then smoothed by a 5-point (SCN) or 11-point (PVN and SON) moving average method. The circadian period was calculated from the interval between successive 3-5 circadian peaks as described previously (Yoshikawa et al., 2013) . Amplitude was defined as the difference between the highest and following lowest values of detrended data in a cycle.
In addition, ectopic expression of AVP bioluminescence was examined in several tissues of the AVP ELuc/+ mice (n = 3). The olfactory bulb and median eminence were sliced into 300 μm thick by a microslicer. The anterior pituitary, liver, and lung were hand-sliced with a pair of surgical knives into thin section. The pineal gland was cut halfway through and flattened, and the testis was cut into a small piece.
They were subjected to the culture as described above.
For a single cell analysis, 4 coronal slices of 100 µm thick were prepared from adult mice (n = 7) with the microslicer. The slices were trimmed to include the SCN, and cultured on the membranes in DMEM containing 0.2 mM D-luciferin potassium salt at 37C. Bioluminescence images were obtained using one of the following three CCD cameras cooled to −80°C: ImagEM (Hamamatsu Photonics, Hamamatsu, Japan), iXon3 (Andor, Belfast, UK), or −60 °C: ORCA II (Hamamatsu Photonics). The images were collected every 60 min (with 59-min exposure) immediately after the start of culture.
Temporal changes in bioluminescence over 72 h were analyzed on the pixel level.
A time series of raw bioluminescence data of each pixel was fitted to a cosine curve, as described previously (Enoki et al., 2012) with minor modifications. Briefly, the pixels in which bioluminescence was less than the background level were excluded from the further analyses. The background level was defined as the mean bioluminescence level of 9 pixels at the darkest corner of an image plus 3 SD of the mean. The best fitted cosine curve was obtained by a least-squares method. The goodness of fit was statistically evaluated by percent rhythm accounted for the fitted cosine wave (Pearson product-moment correlation analysis) at a significance level of p<0.01 (Nelson et al., 1979) . The first acrophase (circadian peak), amplitude (a double value of mathematical amplitude) and period of the best fitted cosine curve were used as the parameters of circadian rhythm, and illustrated in pseudocolor.
Contour lines of bioluminescence from isolated cells
The distribution and extent of light signals were evaluated from a single isolated ROI of cell-size surrounded by areas with bioluminescence of the background level. To standardize the bioluminescent image, the background light intensity in each image was subtracted. The background intensity was defined as the mean light intensities of four circles with a 30 µm diameter at the corners of an image plus 3SD of the mean. The circles covered the areas on the tissue outside the SCN. The brightest pixel in the ROI was designated as 100, and the light intensity of pixels around the brightest was expressed as a ratio in 20% bins. Contour analysis was done for the SCN (n = 4 cells from 2 slices) and PVN (n = 3 cells from 2 slices).
Statistical analyses
Differences in the circadian period of behavioral rhythm, in plasma AVP level, and in the intensity of immunohistochemical staining between the WT and transgenic mice were evaluated by the Student's t test. Regional differences in parameters of bioluminescence rhythm were evaluated by one-way ANOVA with post-hoc Tukey-Kramer test. A two-way repeated measure or two-factor factorial ANOVA with post-hoc Tukey-Kramer test was used for evaluation of the changes in the circadian phase after a single light pulse, body weight, food/water intake, AVP mRNA expression level, and regional difference in AVP-immunoreactivity and parameters of Ca 2+ rhythm of both groups of mice.
Results

Body weight, water, and food intake
Body weight was not different between WT (n = 12) and AVP ELuc/+ (n = 13) mice from 1 to 10 weeks of age (1 week: WT, 4.1 ± 0.3 g; AVP ELuc/+ , 4.1 ± 0.6 g. 10 weeks: WT, 23.2 ± 0.9 g; AVP ELuc/+ , 23.3 ± 1.1 g; mean ± SD). Weekly food and water intake relative to body weight were also not different between WT (n = 5) and AVP ELuc/+ (n = 4) mice from 6 to 12 weeks of age (food intake: at 6 weeks, WT, 1.2 ± 0.1 g/g.b.w., 
Formal properties of behavioral rhythm
Formal properties of behavioral rhythm were not significantly different between AVP ELuc/+ and wild type littermate (Fig. S1 ). The free-running circadian period in DD were 23.97 ± 0.02 h (mean ± SD) in WT mice (n = 5) and 23. Fig. 2A, B) . Expression level at ZT6 is significantly higher than ZT18 in the The intracellular calcium rhythm in the cultured SCN slice was robust in both AVP ELuc/+ and WT mice (Fig.2E ). Regional distributions of acrophase were not different between them (Fig. 2F, G) . In WT mice the circadian peak in the ventral part of the SCN were significantly phase-ahead to the dorsal and central parts (p<0.05, p<0.01), whereas in AVP ELuc/+ mice the circadian peak in the ventral part was significantly phase-ahead only to the central part (p<0.05). The difference was mainly due to larger SDs in AVP ELuc/+ mice.
Circadian rhythms in bioluminescence
Robust circadian rhythms in AVP-ELuc bioluminescence were detected for more than 10 cycles in the SCN slices (Fig.3A, 4A ). The circadian rhythm was stable except for the initial decline of amplitude. The damping rate in the first 3 cycles was 0.3 ± 0.1 (n=10) and the following cycles (3-10 cycle) was 0.8 ± 0.4 (n = 10). The circadian peak on the first day in culture was located in the middle of the light phase (ZT 4.9 ± 0.5, mean ± SD) and the circadian period was 22.9 ± 0.4 h. AVP-ELuc bioluminescence in the PVN and SON exhibited a large peak on the first day in culture (day 1) and damped immediately. However, circadian rhythms with low amplitude persisted in the subsequent days (Fig. 3A) . Chi-square periodogram analysis revealed significant circadian rhythms in 9 PVN of 10 examined, and in 8 SON of 10 examined.
The circadian peak on the first day of culture was located at ZT 5.2 ± 1.9 (n = 9) for the PVN and ZT 3.0 ± 2.3 (n = 6) for the SON, respectively (Fig. 3B) . The circadian period was 23.0 ± 2.7 h for the PVN and 23.7 ± 2.7 h for the SON. The circadian rhythm in the SCN was more stable in terms of the peak-to-peak variability than those in the PVN and SON. The SD was significantly smaller in the SCN (0.6 ± 0.3, n = 10) than in the PVN (3.7 ± 2.0, n = 6) and SON (5.7 ± 1.7, n = 6) (p<0.01, one-way ANOVA with post-hoc
Tukey-Kramer test).
Only low basal levels of bioluminescence were detected in the cultured olfactory bulb, median eminence, anterior pituitary, pineal gland, liver, lung, and testis of the AVP ELuc/+ mice (n = 3, Fig. S3 ).
Bioluminescence imaging with a CCD camera revealed that AVP-ELuc expressed cells were sporadically scattered in the shell region of the SCN (Fig. 4B, 5A ). Circadian rhythms in sell-sized region of interest (ROI) were analyzed (Fig.4C, Fig.5B ). The mean number of ROI in each slice was 36.4 ± 14.9 (n=7). The variability of the rhythm was assessed by comparing SD of the peak-to-peak intervals of each ROI with that of the whole SCN of the same slice. Three consecutive peak-to-peak intervals (day1-4 in culture) were calculated and SD of the intervals was obtained in each SCN slice and ROIs contained in it. The variability was significantly larger in ROI than in the whole SCN in 5 out of 7 slices examined (P<0.01, t-test), suggesting that the circadian rhythm is more stable on tissue level than on cellular level.
A simple summation of circadian rhythms in ROIs reproduced only a fraction of the circadian amplitude on the whole SCN level (Fig. 4C) , indicating that the circadian rhythms in other areas than identified ROIs greatly contributed to the shape of circadian rhythm on tissue level. To increase the resolution of circadian rhythm analysis, we used a cosine curve fitting method on pixel level (Enoki et al., 2012) . The pixel level analysis revealed the distribution of circadian AVP rhythm in the SCN, showing regional specificities in the acrophase (circadian peak), amplitude and circadian period (Fig. 5D,   S2A ). The distribution of bioluminescence was in good agreement with immunohistochemically stained AVP areas (Fig. 5C, S2C) . A ratio of the numbers of AVP-Eluc cells and AVP-immunopositive sells in the outermost focal plane of an SCN slice was 92.7 ± 9.3 % (n=3). The acrophases and amplitude of AVP circadian rhythms in the dorsomedial and ventromedial areas were markedly different from the centromedial area, whereas no regional difference was detected in the period and percent rhythm, an index of the curve fitting accuracy (Fig. S2B ). These findings indicate the existence of at least two distinct regional clusters of AVP circadian rhythms.
Contour lines of bioluminescence from isolated cells
The distribution and extent of bioluminescence signals was examined in a single isolated ROI in the SCN and PVN (Fig. 6A ). The area covered by pixels emitting the luminescence was slightly larger in the peak phase (brightest) than in the trough phase (dimmest) in the PVN, but was not much different in the SCN (Fig. 6B ). The intensity of bioluminescence reduced linearly along with the distance from the brightest center (Fig. 6B) . The area where a regression line reaches 0 % of brightness is assumed to the limit of bioluminescence radiation. The mean area of isolated ROI so far detected in the SCN (bright, 89 ± 13; dim 71 ± 10 m 2 , n = 4) and in the PVN (bright, 376 ± 28; dim 343 ± 38 m 2 , n = 3) were almost identical to the size of SCN (van den Pol, 1991) and PVN neurons (Sofroniew, 1985) .
Discussion
We successfully monitored circadian rhythms in AVP-ELuc bioluminescence not only from the SCN but also from the PVN and SON slices in culture, indicating that a bioluminescence reporter of newly developed AVP ELuc knock-in mice is useful. AVP ELuc/+ mice exhibited circadian behavior rhythms indistinguishable from those of WT mice in free-running periods in DD and in phase responses to a single light pulse, indicating that gene manipulation did not disturb the circadian system (Fig. S1 ). In addition, the configurative profile of AVP neurons as well as the expression level of AVP in the SCN was not different between AVP ELuc/+ and WT mice ( Fig. 2A-D) . The same was essentially the case for the circadian rhythm in intracellular Ca 2+ concentration on pixel level (Fig.2E-G ). All these results indicated that a single allele of AVP gene produces AVP sufficient to keep physiological functions.
Circadian rhythms in bioluminescence were detected in the SCN slices, and the peak phase was located in the middle of the light phase of LD 12:12 (Fig. 3, 4A ). The peak phase is similar to SCN culture of Period1-luciferase transgenic mouse (Inagaki et al., 2007) and approximately 6 h phase advance from that of Period2 Luiferasec knock-in mouse (Yoo et al., 2004) . Circadian peaks of AVP mRNA level in the SCN was reported to be in the late light phase in mice (Burbach et al., 1988; Cagampang et al., 1994; Dardente et al., 2004; Maruyama et al., 2010) and rats (Burbach et al., 1988; Cagampang et al., 1994; Maruyama et al., 2010) . The circadian peak of AVP heteronuclear (hn) RNA expression preceded the peak of AVP mRNA, indicating a time lag between AVP transcription and the peak mRNA level (Maruyama et al., 2010) . AVP peptide in the rat SCN peaked in the first half (Södersten et al., 1985; Tominaga et al., 1992) or the second half of the light phase (Yamase et al., 1991) or in a bimodal pattern (Noto et al., 1983) . Diurnal variation in the AVP level was reported in the PVN and SON (Noto et al., 1983) , whereas no rhythmic expression of AVP mRNA was found in these nuclei (Burbach et al., 1988; Cagampang et al., 1994; Dzirbíková et al., 2011) .
Daily variation was reported in the length of the polyA tail of the AVP mRNA in SCN but not in the PVN and SON (Robinson et al., 1988) , which may explain the difference in the AVP expression pattern of between the SCN and the PVN or the SON (Garbarino-Pico & Green, 2007) . Discrepancy among these previous studies may be due to the sampling intervals, which were mostly at 4 h. As for the SCN, the present results are consistent with the results of AVP hnRNA expression (Maruyama et al., 2010) .
The stability of cellular AVP-ELuc rhythm in terms of the variability of peak phase or peak-to-peak intervals is less than that of SCN slice rhythm (Fig. 4D ). Similar instability in cellular rhythms has been reported in electric activity (Welsh et al, 1995; Honma et al., 2004 , Herzog et al., 2004 and clock gene expression (Yamaguchi et al., 2003) . In ex vivo conditions, the cellular coupling of circadian oscillation would decrease and the variability in phase or period of cellular rhythm would increase. On the other hand, the SCN slice rhythm may keep its stability, because it is the integrated or summated rhythm of cellular circadian rhythms.
A simple summation of cellular rhythms in ROIs showed a similar profile of the circadian rhythm in the whole SCN slice but reproduced only a fraction of amplitude actually measured (Fig. 4C) . The discrepancy is probably related to the fact that bioluminescence from an AVP-ELuc cell deep inside the SCN slice substantially decay when passing through the tissue (Yizhar et al., 2011) . Whatever the reason might be, a number of cellular circadian rhythms with low amplitude contribute to the SCN circadian rhythm in a slice. Therefore, a result based only on a small number of ROI rhythms should be carefully interpreted.
A cosine curve fitting method on a pixel level proved the above possibility by
showing a large AVP oscillation area essentially identical to the immunoreactive AVP area in the SCN (Fig. 5C ). In addition, the method revealed the spatial distribution of AVP cellular circadian rhythms with different phases, amplitudes and periods. The acrophase map indicated that the mean acrophase in the dorsomedial and ventromedial areas were similar to each other but significantly different from that in the centromedial area (Fig.5D, S2B ). These findings are consistent with previous reports on regional differences in the circadian phases of clock gene expression (Nagano et al., 2003; Yamaguchi et al., 2003; Evans et al., 2011) , AVP gene expression (Hamada et al., 2004) and Ca 2+ concentration (Enoki et al., 2012) , indicating phase-advance in the dorsomedial area relative to the ventromedial area. The present study indicates that there are at least two regionally specific clusters of AVP circadian oscillation in the SCN. However, mechanism and functions of the different AVP clusters wait elucidation.
The large peak in the first cycle of culture in the PVN and SON was not an artifact but seemed to be a true circadian peak, because the peak phase was not statistically different from the extrapolated peak phase from a regression line fitted to the circadian peaks in the later cycles. It remains to be shown the reason for the initial damping of amplitude.
It is a matter of debate how exactly the intensity of bioluminescence reflects transcription activity of a gene (Foley et al., 2011) . We tried to answer this question using an isolated ROI on the pixel level. The two-dimensional distribution of light intensity around the brightest pixel revealed the area corresponded to an average size of a single cell in both the SCN and PVN (Fig. 6 ). The finding was based on the analysis of smallest ROI, which might exclude overlapping of cells. Actually, an area of a larger ROI was double or triple in size of a smallest one, suggesting overlapping of more than one cell. The size of the luminescent area was essentially the same in the peak (brightest) and trough (dimmest) phase, indicating that a bioluminescence profile reflects the distribution of emitting cells.
We conclude that AVP gene expression in cultured mouse SCN shows robust circadian rhythms, peaking in the middle of the subjective day. The area where circadian rhythms in AVP expression were recognized in the SCN on pixel level was essentially identical to the area determined immunohistochemically. AVP expression in the PVN and SON also exhibited circadian rhythms which were not as stable as in the SCN, suggesting a strong influence of the SCN circadian pacemaker on these nuclei. The formal property of behavior rhythm as well as the SCN cytoarchitecture of the AVP ELuc knock-in mice was indistinguishable from those of WT. The AVP ELuc mice will be useful not only for circadian but also for neuroendocrinological studies. 
